This paper examines the use of research-proven Active Learning techniques to transform the teaching of a traditional Machine Components/Mechanical Systems Design class. We know from research in Active learning that use of these methods can often lead to greater conceptual understanding and greater engagement of the students with engineering course materials, yet a common concern among engineering faculty is that the adoption of Active learning techniques will not allow the full breadth and depth of traditional content coverage. In this work, the authors reimagined one of the most content-heavy courses in a traditional Mechanical Engineering curriculum by including many Active Learning teaching and learning techniques. In this practicebased research project, the authors attempted to answer the following questions: 1) Could the students learn the breadth and depth of the content via Active Learning, 2) How do the students value the Active Learning experience as compared to a traditional approach and 3) Is the faculty experience such that it would motivate them to use Active Learning techniques in the future? In order to answer these questions, the course was redesigned to eliminate traditional lecturing and the solving of example problems by the instructor. Instead example problems are placed online to be reviewed by the student at their convenience (an element of the Flipped classroom) thus freeing up class time for various Active Learning experiences including conceptual questions, Think-PairShare activities, Ranking tasks, individual and team quizzes, and collaborative problem solving. Project Based Learning (PBL) was used through two large team-based design projects undertaken during a weekly laboratory session. A mixed-methods assessment strategy was employed to evaluate the success of these approaches. Quantitative data was obtained from final exam performance for both conceptual understanding and problem solving competency which was compared directly to the same class taught in a traditional manner. Other quantitative and qualitative data, including student's attitudes and experiences, was gathered through a post class survey.
Introduction
Important publications from the last 15 4 have all called for a deep and introspective look at how engineering education is currently "delivered" and what changes might be necessary to improve student outcomes. One movement that has emerged as promising pedagogy is that of Active Learning. Active Learning consists of a set of teaching/learning classroom strategies that engage the students directly in the learning process and requires them to think about what they are doing. 5 This is contrasted with the efficient yet relatively ineffective passive learning strategy of traditional lecturing. The physics education community has extensively studied the positive impacts of using Active Learning techniques especially to enhance conceptual understanding (e.g. Mazur 6 and Hake 7 ). A survey article by Prince provides definitions and ample evidence of the effectiveness of various Active Learning strategies. 5 In engineering, active learning has been studied and shown to promote deeper conceptual understanding than more passive forms of education in introductory mechanics courses such as Statics 8 and Dynamics, 9 Fluids Mechanics 10 and Thermodynamics [11] [12] [13] . Adoption of Active Learning in upper division courses has been slower with typical faculty concerns including not being able to cover all course content, possible negative responses by the students and the time and effort required to develop new Active Learning content.
The goal of this study was to determine whether Active Learning techniques could be effectively applied to a traditional and content-heavy course such as Machine Component/Mechanical System Design (MS/MSD) class. This course is usually taught in the third year of mechanical engineering study. Typical content includes discussion of the function, sizing and selection of mechanical components such as gears, shafts, bearings, springs, and fasteners; and the integration of these components into machine designs. Nationally, many programs have adopted various Active Learning techniques to enhance and improve their Machine Components Course. Campbell and Schmidt 14 describe the use of open-ended, hardware based design projects to support the traditional lecture content. More recently, Stalworth 15 reported on a project/team based approach to traditional paper-based machine components selection and system design and analysis and Monterrubio and Sirinterlikci 16 and Youssef and Kabo 17 both report on the use of a more formal design process and projects in the course. Many programs take a balanced approach between active project work (with or without hardware) and traditional advanced analysis and simulation. 18 . Finally, some programs are emphasizing more design methodology integrated into the junior year (see Lamancusca and Pauley 19 ).
For this study, we set out to answer three research questions:
1) Could the students learn the breadth and depth of the content via Active Learning? 2) How do the students value the Active Learning experience as compared to a traditional approach? 3) Is the faculty experience such that it would motivate them to use Active Learning techniques in the future?
The first question is a common concern of faculty teaching engineering. At California Polytechnic State University -San Luis Obispo (Cal Poly), the MC/MSD class is one of the most contentheavy in the curriculum with students often getting overwhelmed by not only the breadth of mechanical component coverage, but the depth of understanding it takes to analyze and effectively select components to use in machine design. In addition, the students are expected to integrate this knowledge into the design of functioning machinery.
The second research question is related to the student affective response to the class. By the third (and sometimes fourth) year in the curriculum students are familiar and comfortable with the traditional lecture and homework style of teaching and learning and are sometimes uncomfortable with the more active classroom making change difficult. We wanted to determine if students become comfortable with the active approach to MC/MSD and whether they might even prefer it to a traditional format.
Lastly we wanted to understand the faculty experience of switching from a traditional approach to an Active Learning approach in this class. Would the experience be positive for the instructor and would they continue to apply and expand elements of active learning in this and other classes?
Research Design
In order to answer the research questions posed here, a mixed-methods assessment strategy was employed. First, quantitative data was obtained from final exam performance in the Active Learning MC/MSD class and was compared directly to the same final exam questions given to a class taught in a traditional manner by one of the same instructors in a previous year. The final exam assessed both conceptual understanding and problem solving competency in machine design.
For the Active Learning version of the MC/MSD class, two instructors taught the class in the Spring quarter of 2015. Both instructors have extensive experience with teaching the course. Instructor A has taught the course seven times since 1997 and Instructor B has taught the class eleven times since 2004. Instructor A has extensive experience teaching using Active Learning techniques in fundamental mechanics courses (both Statics and Dynamics) and had used them in the MC/MSD class previously. Instructor B historically used a more traditional approach to the lecture portion of the class and has experience using Project Based Learning in the Laboratory portion of the class. Additionally Instructor B was interested in learning to use Active Learning techniques for the lecture portion of the class and welcomed the opportunity to partner with Instructor A to develop course materials to make the course activity-based. The two instructors delivered the active MC/MSD course to three lecture sections and four laboratory sections. Instructor A led two lecture sections of 32 students each and Instructor B led a single lecture section. Each instructor led two weekly, three hour laboratory sections of 24 students each. A summary of the instructors' experience and teaching load for the study is given in Table 1 . Each instructor followed the same syllabus and led their lectures and laboratory sections in as identical manner as possible throughout the 10-week quarter. Any support material was identical including power point slides, in-class problems, homework problems, quizzes, and exams.
Questions from the final exam from the MC/MSD class taught in a traditional lecture format by Instructor B from the winter quarter of 2011 were used again in the Active Learning class in spring 2015 for comparison. Questions were designed to test both quantitative problem solving and conceptual understanding of machine design. Other quantitative and qualitative data was gathered for this study through a post-class survey. The survey was designed to capture student's attitudes concerning the use of Active Learning in the MC/MSD class and also to assess the overall student experience. To answer the final question, Instructor B was asked to reflect on his experience of using Active Learning and his plans for future implementation.
Typical Class
For the MC/MSD class described here, the student receives four credit units. They meet in 50-minute lecture sections on Monday, Wednesday, and Friday; and a three-hour laboratory section on either Tuesday or Thursday of each week. The students in the laboratory sections are not necessarily the same cohort as the lecture sections so some students might have had Instructor A for lecture and Instructor B for laboratory. The topics and the order in which they are covered are in the syllabus in appendix A.
Winter 2011 -Traditional Lecture
In the MC/MSD course taught by instructor B during winter quarter 2011, the course topics and lab structure were very similar to those in the spring 2015 course. However, what happened in lecture was very different. Most of each lecture period was spent in the traditional lecture mode, with the instructor presenting new material on the chalkboard and students taking notes. Each class period began by writing two to three key learning objectives for the day. Examples were worked in class by the instructor. Student participation was encouraged during class by asking individuals to identify the next step, provide the appropriate equation, or interpret from a table or figure from the text.
Grading was based on a final exam, three mid-term exams, lab project work, and weekly homework assignments. Each exam included both analytical and conceptual (mostly ranking) problems. Most homework assignments were completed in the McGraw-Hill CONNECT online homework system, though one problem each week was collected on paper. Students had access to the CONNECT solutions online after the homework was due. No multimedia examples were provided on the course learning management system (LMS).
The laboratory portion of the course consisted of two standalone labs and two related design projects. The two standalone labs were a one-week introduction to motor performance curves and two weeks to dissect and re-engineer a hand power tool. The two projects both related to the design of a self-propelled cable climber (space elevator). The first project (three weeks) was to develop a working scale model using Lego® Technics components coupled with hobby motors. These were tested to see how efficiently they could climb up 20-feet of vertical cable. The second project (4 weeks) was to develop a full-scale paper design for a space elevator based on what they had learned from the first project. The final deliverable was a formal design/analysis report.
Spring 2015 -Activity Based Lecture and Laboratory
For the new Active Learning MC/MSD class, formal lecturing was minimized. When lecturing or explaining content, every attempt was made to keep the instructors' speaking time limited to 10 minutes or less between activities where the students were asked to participate. Before each class, students were asked to watch a multimedia example problem posted on the course LMS. Class began with an update on the status of activities (reminders about homework, project schedules, quizzes etc.) then practical examples of the topic to be discussed were given (for example a short video on how a clutch works). Next the students were given the opportunity to ask questions about the online multimedia example problem followed by a short lecture (interspersed with conceptual questions) that reviewed the important aspects of the new topic. Finally student teams would work on one or two problems related to the current topic. The instructor usually guided the students along asking and answering questions.
Interspersed in the usual class process were times for students to explain homework problems to each other (team homework), weekly quizzes, short concept questions followed by class discussions (Think, Pair, Share) or ranking tasks presented as team quizzes. Notably missing from the lecture portion was the solution of example problems by the instructor. Instead the students were given a multimedia example problem online to review before class and one or two problem solutions online after class for the problems worked on during class. Additionally the students were given weekly homework assignments with traditional textbook problems to solve. Instructor written solutions to these problems were provided after they were due on the LMS.
The first half of the laboratory portion of the class consisted of a hands-on introductory laboratory on teamwork, and the fundamentals of electric motors followed by a four week design project involving the design and construction of a small Lego®-based machine. The second half of the laboratory portion was kicked off by a three-hour dissection of a hand-held power tool and a four week "paper" design of a more complex mechanical system (in this case a personal tracked vehicle). The first project ended in the demonstration of the Lego® machines and the second ended with a formal design review and written report.
Multimedia Example Problems
Although students will often say that they prefer to watch their instructor work out example problems similar to those that would appear on the exam, in the updated course the instructors took the approach of putting these examples online to free up time for the Active Learning elements of the class. The student's desire makes sense from the standpoint that modeling the thought process of experts is one of their educational goals. Unfortunately students don't typically pay attention during this time in class or often only ask superficial questions while frantically trying to copy down what the instructor is presenting. This leaves no time for thoughtful reflection. Later the students may use their notes to simply search for the equations that they can apply to their homework by simply substituting new numbers.
In place of the traditional example problems, the instructors created PowerPoint® files with audio overlay that explained how to solve a typical problem. When played as a slideshow, the instructor talks through the problem with elements appearing as they would on the board during a class. Additionally the students could eliminate the audio and step through the problem with the slideshow stopping at points where the students could try and perform the next step in the solution.
Then by hitting the space bar they can see what the next step is to check themselves. A final advantage to these online example problems is that the students can access them later in the course when they are preparing for exams or trying to analyze their project designs. They could also print the entire example on a single page for offline review.
In-Class Problems
For each class period, the instructors provided a handout that contained relevant equations or figures/graphs that supported the day's lesson. Typically this handout was the only place where students took notes for the class. Also handed out was an in-class problem that the students would work on in teams with occasional guidance from the instructor. Typically the problems were too complex to complete in the allotted time, but teams of students could begin the problems, set up the governing relationships and see a path to the final solution while getting questions answered. After class the full written solution to the in-class problems was provided online.
Online Quizzes
Conceptual knowledge has been shown to be a key ingredient to thinking as an expert (see Streveler et al. 20 ) . Each weekend prior to the Monday class, an online quiz was posted to primarily get the students to think about the concepts involved in the class as well as force them to do the reading. The questions were typically multiple choice or True/False to allow automatic grading. Other questions were short response or required a short calculation.
Think-Pair-Share
Other concept questions were posed during class to keep students actively engaged. This questions were given in a Think-Pair-Share format and classroom discussion technique introduced by Lyman 21 . Questions were posed to the class and the students were asked to think by themselves for a couple of minutes, then pair with another to discuss and then finally to share their findings and explanations with the class. An example question posed early in the quarter was: "Which is larger -the geometric stress concentration factor of the fatigue stress concentration factor?"
Team Ranking Tasks
Each Wednesday in class the students were given quizzes which were more focused on formative rather than summative assessment. Three of the quizzes were in a team format where students were asked to rank alternative scenarios according to some criteria. Introduced by Maloney 22 to the Science Education community, ranking tasks have gained attention in the Physics community 23 as well as in engineering (see Brown 24 for examples) as a way of promoting conceptual understanding. In a ranking task, students are presented with four to eight pictures of scenarios of slightly varied physical condition and asked to rank them based on some performance criteria. Using a team format promotes lively discussion and peer learning opportunities. An example of one of the Ranking task quizzes developed by the authors is shown in appendix B.
Project Based Learning Laboratory
The weekly three-hour laboratory presented the opportunity for project based learning. As mentioned previously, the students undertook two major design projects throughout the quarter. The first Lego-based project involved the students designing an Adaptive Ring Toss machine for people with disabilities. To complete the project the students worked in teams and had to select a small DC motor and design a gear system to "toss" carnival rings onto soda bottles (see Figure 1 for photos). The second project was a paper design that required the teams of students to develop software analysis tools to aid in component selection. The laboratory experiences for the Winter 2011 (control class) and the spring 2015 (Active Lecture) classes were similar in content and approach. The first question involved the selection of a threaded fastener for a tension loaded joint and was marked out of 30 points. The second involved the analysis of a shaft driven by two pulleys and the third question required the selection of rolling element bearings to support a rotating shaft. These two problems were marked out of 25 points. All analytical questions were graded with partial credit based on a consistent rubric to minimize grading variation between the two years. The concept questions were of several varieties. The first asked the students to develop a complete requirements list for a gearbox for a portable air compressor. Next there were eight short answer questions followed by eight true/false and six multiple choice questions. A copy of the exam can be found in Appendix C.
A comparison of the results from the 2011 and 2015 final exams is shown in Table 2 . Note that mean scores on all problems did not vary much, with the largest gain of 6.44% for the Concept questions and a 9.05% decrease in the bolted joint (1) question. There was no significant statistical difference of student performance on questions two (2) and three (3). The p-value for the t-test for the Concept questions and the first question were 0.064 and 0.053 for these two populations, which indicates that there is not quite a statistical difference on those either.
In order to remove further variations between instructors, a further look at the data is provided in Table 3 , which contains the 2015 exam performance from Instructor B only. In looking at these populations we find that the p-value for the bolted joint (1) and Concept questions is now below 0.05 indicating that there may be a significant difference due to the approach made in 2015. It should also be noted that there are many other factors besides the Active Learning components that are different between the 2011 and 2015 classes which could explain the exam differences.
For example, in 2011 bolted joints were covered earlier in the course and tested on a midterm exam. In 2015, they were the last topic covered and therefore were not included on a midterm prior to the final exam. Other differences, such as the amount of class time and number of homework problems spent on bolted joints may have led to differences in performance on the bolted joint question. The improvement in the conceptual questions; however, do support findings of other researchers like Hake 7 cited earlier who have found that Active Engagement does lead to improvement in conceptual understanding 
2) How do the students value the Active Learning experience as compared to a traditional approach?
To answer the second research question concerning student opinions about the experience, students were surveyed at the end of the quarter. The first set of survey questions asked the students about the effectiveness of the various teaching techniques employed. These results are shown in Table  4 with the Active elements located at the top and the more traditional teaching elements at the bottom. On average the students felt both the Active and the traditional elements were effective at helping them learn the material. The two techniques that the students thought were not helpful were the weekly online quizzes and the individual in-class quizzes. This is not surprising as most students do not view assessments as formative; however, it is interesting that the students thought that the in-class team quizzes were effective at helping them learn the material. Finally, the students thought that the tracked vehicle project was the most effective, followed by the traditional solving of individual homework problems and the in-class team homework problem solving.
The next two questions in the survey asked the students to compare the active learning classroom to a traditional one. As shown in Table 5 , the students felt on average that the active learning techniques were more effective with 74% rating it the same or more effective than a traditional classroom. There was even stronger agreement that the Active Learning was more engaging than a traditional classroom. It is interesting that the students do not necessarily associate this higher level of engagement as identical to effectiveness for teaching/learning the material. Finally, the students were asked for any comments they had about the Active Learning approach used in the class. Not surprisingly, the results were mixed. Mirroring the ratings of effectiveness, a thematic analysis of the comments indicated that 72% were neutral to positive. Many students were very enthusiastic about the approach. Some typical comments included: This last complaint about workload is historically a common complaint about this class. This was noted by a number of students who were positive about the Active Learning approach but felt too many topics were covered in the class. One final concern of teachers new to Active Learning, especially those who are in the tenure process, is the effect on their student evaluations. Table 6 contains the average student evaluation ratings from the MD/MSD course in Spring 2015 for the two instructors as compared to the average value the instructor received over his career while teaching this course. The results here are a little mixed. Instructor A, with experience with Active Learning techniques, received higher student evaluation ratings for the Active Learning course. However, Instructor B, a novice with Active Learning techniques, was assessed somewhat lower in the "ability to convey subject matter" and "overall rating" categories. So, it may be reasonable to expect somewhat lower student evaluation results when attempting this change for the first time. 
Conclusions and Recommendations
The techniques utilized in this MC/MSD course are not new, but have not been generally used in this course. Many instructors resist using more Active Learning or project-based assignments in their class for fear of not covering content. The results from this study show that a course can be taught using Active Learning techniques, cover the same content, and achieve similar student performance on the final exam. So, providing the material is provided in some form (online multimedia examples, in this case), covering content should not be a concern. Although scores did dip on one analytical problem, conceptual scores increased. A more important aspect to consider is the long-term retention and understanding of the students which unfortunately is difficult to measure and outside the scope of this study; however the students report being much more engaged in class which might promote longer term retention. Deeper conceptual understanding should also provide a framework upon which the students can build in their later courses and in their careers as professional engineers.
Some recommendations to those considering this approach:
(1) Share the load with someone, if possible.
(2) Change one part of the course at a time, even if it takes a few years to completely convert the entire course.
(3) Prepare a lot of the material in advance of the term. (4) Be prepared for student resistance by gathering facts to show why this is a good change. Give them lots of opportunity for feedback, and respond to it. Names ______________________________________________________________________ 1) Consider the following possible designs (A thru F) for a speed reducing gearset for a 6000-rpm motor. For all designs, assume Qv =10, Km = 1.2, KS = KB = 1,  = 20, and Grade 1 throughhardened steel. For a life of 10 7 pinion cycles, and considering only PINION BENDING FATIGUE, rank the designs in terms of how much power they can carry. 
